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(Received 7 September 2002; published 23 May 2003)207205-1Low temperature magnetization measurements on the pyrochlore spin ice compound Dy2Ti2O7
reveal that the ice-rule breaking spin flip, appearing at H 0:9 T applied parallel to the [111] direction,
turns into a novel first-order transition for T < 0:36 K which is most probably of a liquid-gas type.
T-linear variation of the critical field observed down to 0.03 K suggests the unusual situation that the
entropy release across the transition remains finite [  0:5 J=K mol-Dy] as T ! 0, in accordance with
a breaking of the macroscopic degeneracy in the intermediate ‘‘kagome´ ice’’ state.
DOI: 10.1103/PhysRevLett.90.207205 PACS numbers: 75.50.Lk, 75.40.Cx, 75.30.Kzfield becomes strong enough to overcome the magnetic
interaction, the ice rule breaks down and a fully ordered
tization measurements were carried out by capacitive
Faraday magnetometers with use of a 3He and dilutionThe pyrochlore oxide Dy2Ti2O7 is considered to be a
model system of ‘‘spin ice’’ materials, whose magnetic
moments obey the same ordering rule as the proton order-
ing in water ice [1,2]. In this compound, Dy ions are
residing on the vertices of corner-linked tetrahedra.
Because of a strong single-ion anisotropy, the ground
state of Dy3 is well expressed by an Ising doublet with
local h111i quantization axes [3,4]. A ferromagnetic
nearest-neighbor interaction then leads to a strong geo-
metrical frustration, preventing the system from long-
range ordering [1]. The spins are disordered with local
configurations obeying the rule that two spins point
outward and two spins inward (‘‘ice rule’’) in a basic
tetrahedron, and the ground state is macroscopically de-
generate with a residual entropy very much like the value
[1:68 J=K mol] of water ice [5]. The actual ferromag-
netic coupling in Dy2Ti2O7 is, however, considered to
be dipolar in origin, due to the large magnetic moment
of Dy [6,7]. Whether the long-range nature of the inter-
action leads to a true ordered ground state or not is an
intriguing issue which has not been resolved yet [7–9].
Experimentally, no phase transition is detected in
Dy2Ti2O7 at zero magnetic field down to 50 mK [10,11].
An interesting aspect of the spin ice system is that the
macroscopic degeneracy is broken by application of mag-
netic fields, and various types of ordered (aligned) states
will show up depending on the field directions [7,10,12].
When the field is applied along the [100] direction, the
degeneracy is completely broken because all four spins on
a basic tetrahedron can uniquely align so that they all
have a component of magnetic moment parallel to the
field, without breaking the ice rule. The effect of mag-
netic field is more complex when the field is applied along
[111] [12]. For this field direction, the system first magnet-
izes under the ice rule to a partially aligned state, in
which one of the four spins on each tetrahedron has a
component of moment antiparallel to the field. As the0031-9007=03=90(20)=207205(4)$20.00‘‘three-spin-in, one-spin-out’’ state appears. The resulting
magnetization curve exhibits a plateau in the intermedi-
ate field range followed by a spin flip [11,13,14]. It should
be stressed that, as pointed out recently, the intermediate
plateau state still has macroscopic degeneracy in the
layers of kagome´ lattice with residual zero-point entropy
(‘‘kagome´ ice’’ state) [14–16].
How the ordered state evolves out of the disordered
state by application of magnetic field is an interesting, yet
unsettled issue. In a simple case, this would be a continu-
ous process and no phase transition occurs at finite T.
Until now, only the Monte Carlo simulations on the
nearest-neighbor spin ice model has predicted a first-
order transition for H k 
100 at temperatures below the
critical point Tcr  0:16J [12], where J is a nearest-
neighbor ferromagnetic exchange constant. This transi-
tion does not involve a change in symmetry and the phase
diagram is analogous to that for liquid-gas transitions,
which is unprecedented in localized spin systems.
However, to explore this transition would be very difficult
in Dy2Ti2O7 since, as will be shown later, a strong irre-
versibility due to spin ice freezing starts to develop in the
initial magnetization for T  0:7 K [17,18], well above
Tcr [19]. In this Letter, we have examined the degeneracy
breaking for the field direction along [111] in Dy2Ti2O7 at
very low temperatures. We particularly paid attention to
the ice-rule breaking spin flip to a fully ordered state. We
found that the spin flip is a ‘‘fast’’ process with no hyste-
resis even at relatively low temperatures down to 0:4 K
and, more importantly, evolves into a symmetry sustain-
ing first-order transition below 0.4 K.
A single crystal of Dy2Ti2O7 was prepared by a
floating-zone method using an infrared furnace. In order
to achieve a good thermal contact and to minimize
the demagnetizing field effect, the crystal was cut into a
thin plate of dimensions 0:25 2 2 mm3, with the
[111] direction oriented along the plane [20]. dc magne- 2003 The American Physical Society 207205-1
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of 3 T=m was applied to the sample. Since strong irre-
versibility appeared in the initial magnetization curves at
T < 0:7 K, all the measurements were done after zero-
field cooling the sample from above 0.7 K.
In Fig. 1, we show the magnetization curves of
Dy2Ti2O7 for H k 
111 obtained at temperatures above
0.35 K. The result at 1.65 K is in good agreement with the
previous measurements done at 1.8 K [11,13] where only a
gradual change of the magnetization is observed. On
cooling below 1 K, a plateau develops in the magnetiza-
tion curves at around 0.5 T. The magnetic moment of the
plateau is very close to the value 3.33 B=Dy, expected
for the partially aligned two-in/two-out state as shown in
the inset of Fig. 1. Here, the apical spin on each tetrahe-
dron is aligned to the field direction since its Ising axis is
parallel to H and is therefore subject to the largest
Zeeman energy. Since the ice rule is maintained in the
plateau state, one of the other three spins on the basal
plane of the tetrahedron has a component of magnetic
moment antiparallel to the field direction, as shown in
the inset. The plateau state thus becomes unstable with
further increasing field, and a sharp spin flip occurs at
0:9 T where the Zeeman energy overcomes the mag-
netic interaction to break the ice rule, in accordance with
the results of Monte Carlo simulations [7,11,12]. The mo-FIG. 1. Magnetization curves of Dy2Ti2O7 for H k 
111,
obtained at various temperatures above 0.35 K. Magnetiza-
tion data were acquired at an interval of 0.02 T for both
increasing and decreasing field sweeps. The thin arrows along
the magnetization curve for T  0:35 K indicate a hysteresis in
the initial magnetization process below 0.5 T. The inset
shows an example of the two-in/two-out spin configura-
tions in the plateau state, where one of the spins on the
basal triangle has a component of magnetic moment antipar-
allel to H.
207205-2ment value above 1.5 T agrees well with the fully satu-
rated value 5B=Dy of the three-spin-in one-spin-out
state.
It should be noticed that the initial part of the magne-
tization curve for T  0:35 K shows a large hysteresis
below 0.5 T, as indicated by thin arrows in Fig. 1. This
irreversibility disappears on warming the sample above
0:7 K, and can be ascribed to the slow dynamics of the
spin ice [17,18]; the initial magnetization process from
the zero-field disordered state involves correlated rota-
tions of magnetically coupled spins under the ice rule,
and should have a very slow relaxation time. The situation
is the same for the other field directions H k 
100 and
[110]. Very interestingly, no appreciable hysteresis is
found in the ice-rule breaking spin flip around 1 T even
for T  0:35 K. This is probably because the spins par-
ticipating in the flipping are not coupled with each other
by the nearest-neighbor interaction. Roughly speaking,
the spin flip is a ‘‘single site’’ phenomenon if we forget the
long-range part of interactions, and could be a fast pro-
cess. However, this does not mean that the interactions are
unimportant, as will be shown in the following.
In Fig. 2, we show some results of the differential
susceptibility dM=dH of Dy2Ti2O7 near the spin-flip field
where dM=dH peaks. The peak height, denoted as
dM=dHpeak, dramatically increases at low T, implying
a rapid narrowing of the spin flip. If the spin flip is a
single-site phenomenon in which the spins undergoing
the flip simply feel the effective field which is a sum of
the external field and the fixed molecular fields from the
surrounding frozen spins, the width of the magnetiza-
tion jump would be proportional to T and therefore0
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FIG. 2. Differential susceptibility dM=dH of Dy2Ti2O7 for
H k 
111 near the spin-flip field. The inset shows the recip-
rocal of the peak value dM=dHpeak as a function of tempera-
ture. dM=dHpeak tends to diverge at around 0.4 K, suggesting
that the system undergoes a cooperative phase transition. The
solid line is a guide to the eyes.
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is not the case in Dy2Ti2O7. The inset of Fig. 2 is a
reciprocal of dM=dHpeak plotted as a function of T.
Very interestingly, dM=dHpeak tends to diverge at a
finite temperature just below 0.4 K. This fact implies the
importance of magnetic correlation, and strongly sug-
gests a new phase transition. A simple linear extrapola-
tion of the dM=dH1peak plot gives the onset of the
transition to be 0:38 K.
In order to further explore the nature of this new phase
transition, we extended the measurements to still lower
temperatures using a dilution refrigerator and some of the
results below 0.37 K are shown in Fig. 3. The spin flip at
low temperatures is characterized by an abrupt onset at
0:9 T and a gradual settling at higher fields. The latter
feature, the rounding of the step at the higher field side,
does not change much on further cooling to 0.05 K,
implying that thermal excitations are not the origin.
This fact also indicates that the spin flip is by no means
a simple single-site effect, and points to the relevance of
long-range interactions. Very importantly, we observed a
small hysteresis in the transition field for T  0:19 K and
0.05 K as indicated by arrows in the inset of Fig. 3. From
these results, we conclude that the system undergoes a
first-order phase transition to the fully ordered state.
In Fig. 4, we show the temperature variation of the
transition field defined by the peak position in dM=dH.
The data in Fig. 4 were taken at a different run, with the
sample remounted on the magnetometer [22]. Here, the
solid circles (squares) denote the transition fields obtained
at the increasing (decreasing) field sweeps. At the base
temperature of 30 mK, the hysteresis of the transition0
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FIG. 3. Magnetization curves of Dy2Ti2O7 for H k 
111,
measured at temperatures down to 0.05 K. The inset shows
expanded plots near the critical field. On cooling below 0.37 K,
an appreciable hysteresis develops in the transition.
207205-3amounts to 0:04 T. The hysteresis continuously de-
creases on warming and seems to disappear around
0.34 K which gives a lower bound for the critical point
where the first-order transition terminates, consistent
with the divergence of dM=dHpeak at 0:38 K. We
therefore conclude that the first-order critical point Tcr
exists at Tcr  0:36 0:02 K. We define the critical field
of the transition Hc by taking average of the increasing
and the decreasing field data, and the result is given by
open triangles in Fig. 4. The first-order transition line
HcT shows a nearly linear shift to a lower field side with
decreasing T below Tcr. We found no evidence of any other
transition line to branch from the critical point. There is
thus a way to convert the system from the plateau state to
the aligned state continuously by avoiding the critical
line, implying that there should be no symmetry change
across the transition [23]. The HcT behavior in Fig. 4 is
thus analogous to the pressure-temperature phase dia-
gram of a liquid-gas transition, similar to the one pre-
dicted for the [100] direction [12]. To the best of our
knowledge, this type of nontrivial liquid-gas transition
has not been observed previously in localized spin sys-
tems [24].
On a first-order critical line, the following Clausius-
Clapeyron equation holds:
dHc
dT
  S
M
; (1)
where S and M denote the discontinuities in the
entropy and the magnetization across the first-orderFIG. 4. Thermal variation of the transition field of Dy2Ti2O7
for H k 
111. Solid circles (squares) denote the data points
obtained for increasing (decreasing) field sweeps. Open trian-
gles are the averaged critical field Hc, which show a nearly
linear temperature variation with dHc=dT  0:08 T=K (dashed
line) at low temperatures.
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toward zero as T ! 0, since S vanishes at T  0 irre-
spective of H in ordinary systems. In the present system,
however, HcT continues to decrease almost linearly on
cooling below Tcr without showing a tendency of leveling
off. This behavior suggests an unusual situation that the
first-order transition accompanies a finite entropy release
S < 0 as T ! 0. S can in fact be evaluated by (1).
From Fig. 4, dHc=dT is estimated to be 0:08 T=K (the
dashed line in Fig. 4). M has some uncertainty because
of the rounding of the magnetization jump at the higher
field side (Fig. 3), but we may say that M is in the range
1 0:3B=Dy. S can then be obtained as 0:5
0:15 J=K mol-Dy.
We consider that the finite S < 0 as T ! 0 is a direct
consequence of the frustration of the system, giving
another piece of strong evidence for the zero-point en-
tropy in the plateau state. In the plateau state, the apical
spins of the tetrahedra whose Ising axis is parallel to H
point to the field direction, but the other spins which form
the two dimensional kagome´ lattice perpendicular to
[111] are still frustrated because the ice rule is preserved.
Focusing on the kagome´ lattice which is composed of
corner-linked triangles, the frustration can be expressed
by a modified ice rule that two spins point inward and one
spin points outward in a basic triangle. The ground state is
then macroscopically degenerate (‘‘kagome´ ice’’ state
[14]), with a residual entropy whose exact value has
recently been solved by Udagawa et al. to be 0:672 J=K 
mol-Dy [16]. Experimentally, the residual entropy of the
plateau state has been estimated by specific heat measure-
ments as 0:8 0:1 J=K mol-Dy by Matsuhira et al.
[14], and 0:44 0:08 J=K mol-Dy by Higashinaka
et al. [15]. Our magnetization data indicate that most
of the residual entropy is released upon the first-order
transition.
In conclusion, we observed a novel field-induced first-
order phase transition in the spin ice compound Dy2Ti2O7
with magnetic field parallel to the [111] direction. The
transition simultaneously breaks the ice rule and the
macroscopic degeneracy in the partially ordered spin ice
state. The obtained phase diagram is analogous to that for
liquid-gas transitions, with unusual temperature variation
of the critical field which appears to violate the thermo-
dynamic principle that the entropy change S vanishes as
T ! 0. While the results share similarity with what has
been predicted for a nearest-neighbor spin ice model for
H k 
100 [12], our results suggest relevance of long-
range dipolar interactions to the occurrence of the first-
order transition, which are not included in the previous
simulations.
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